The interactions of normal erythrocytes and erythrocytes from patients having hemoglobin S hemoglobinopathies with normal human endothelial cells (EC) were investigated under flow conditions. When EC supernatant, containing 2.8-11.0 U/dl of von Willebrand factor (vWF) antigen and vWF multimeric forms larger than those present in normal plasma, was the red blood cell (RBC)-suspending medium instead of serum-free medium (SFM), the adhesion of sickle RBC, but not normal RBC, to endothelial cells was greatly increased (range of enhancement of sickle RBC adhesion, 2-to 27-fold). Adhesion of sickle RBC to endothelial cells was reduced to near serum-free levels when EC supernatant was immunologically depleted of vWF forms. Sickle RBC suspended in SFM containing 200 U/dl of purified vWF multimers of the type found in normal human plasma or 300 jg/ml human fibronectin were only slightly more adhesive to endothelial cells than sickle RBC suspended in SFM alone.
Introduction
The major manifestations of sickle cell anemia are periodic, localized, vaso-occlusive crises and chronic hemolytic anemia. Adhesion of sickle erythrocytes to the vascular endothelium has been proposed as one mechanism of vaso-occlusion (1) (2) (3) (4) (5) (6) . This investigation was undertaken to determine the role ofvon Willebrand factor (vWF)' in the adhesive interactions between sickle erythrocytes and endothelial cells.
vWF is a large, multimeric plasma protein (subunit molecular weight of 2.20 X 10 D [7] ) synthesized by megakaryocytes (8) and endothelial cells (9) . The circulating pool of vWF is heterogeneous with multimers ranging from 8.5 X 105 to millions of daltons (10) . Large vWF multimeric forms are involved in platelet-subendothelial adhesion (11) and in shear stress-induced platelet aggregation (12) . Large vWF forms bind to platelet membranes via glycoprotein lb (13, 14) and Ilb/IIla complexes (15, 16) . Arginine-glycine-aspartate amino acid sequences are involved in the binding of vWF to the Ilb/IIla complexes (17, 18) .
Human endothelial cells (EC) in culture synthesize vWF multimers which are larger than the largest multimeric forms found in normal human plasma (19) . These unusually large vWF forms are secreted by endothelial cells into the subendothelial matrix (20) and, under conditions of intense endothelial cell stimulation, into the plasma (21).
Human endothelial cells also produce and secrete fibronectin (22) , another important cytoadhesive protein (23) . It has been demonstrated that red cells of patients with sickle cell disease bind fibronectin in greater quantities than normal erythrocytes (24) , and therefore fibronectin may be another important mediator of erythrocyte/endothelial cell interactions.
Microvascular occlusion in sickle cell anemia may be caused in part by capillary blockage with rigid, irreversibly sickled cells (25, 26 microscope (Nikon). Medium and red cell suspensions were kept at 370C in an adjacent water bath and the chamber was maintained at 370C by an air curtain incubator.
The endothelial cell monolayer was rinsed for 5 min with SFM at a constant flow rate of 0.0764 ml/min generated by a Harvard syringe pump producing a wall shear stress of 1.0 dyn/cm2 (a shear stress typically found in the venules [28] ). The red cell suspension was then passed over the endothelial cell monolayer for 10 
Results
The EC supernatants contained relatively small amounts of vWF antigen (2.8-11.0 U/dl), but a major component of the multimers were unusually large forms not found in normal pooled plasma (Fig. 2) . The endothelial cell supernatants also contained small amounts of fibronectin (< 20 Mg/ml). This fibronectin was present in the supernatants even after they were depleted of vWF (data not shown).
The adhesion of normal red cells ranged from 2.52 to 4.08 RBC/mm2 in SFM and increased slightly to 4.17-5.81 RBC/ mm2 in EC supernatant (Table I ). The adhesion of sickle red cells suspended in SFM to endothelial cells was 3.04-10.24 RBC/mm2, and increased greatly to 12.76-132.12 RBC/mm2 when the sickle red cells were suspended in EC supernatant (average 1 -fold increase; range 2-to 27-fold for eight experiments with six different patients, Table I ). When the EC supernatant was immunologically depleted of vWF multimers, the adhesion of sickle red cells decreased to nearly the SFM control level (3.13-9.81 RBC/mm2). The antigen level in the vWF-depleted EC supernates was < 1.5 U/dl for the four patients studied (column 3, Table I ). Fig. 3 shows an endothelial cell monolayer before and after the 10-min perfusion of sickle erythrocytes in EC supernatant.
When fibronectin (FN) or purified plasma vWF were added to a suspension of sickle red cells (HbSS or HbSC) in SFM (300 ,g/ml FN or 200 U/dl ofthe largest vWF multimers found in cryoprecipitate), the extent of adhesion to the endothelial monolayers increased only modestly (Table II) 'Decrease in sickle RBC adhesion in vWF DEP-EC SUP column compared with EC SUP column (P < 0.001).
Discussion
EC supernatant contains only small quantities (< 12 U/dl) of vWF antigen. However, it includes unusually large vWF multimeric forms. EC supernatant, but not the largest vWF forms purified from cryoprecipitate, greatly increased the adherence of sickle erythrocytes to cultured human endothelial cells (Tables I and II) . In contrast, only a slight augmentation ofEC adhesion by the unusually large vWF forms ofEC supernatant was observed for normal RBC (Table I ). In the absence of the unusually large vWF multimeric forms, even a high concentration of vWF antigen (200 U/dl), containing the largest multimeric forms purified from the cryoprecipitate fraction of normal plasma, caused only a modest increase in the adhesion to endothelial cells of HbSS and HbSC RBC compared with increases observed in the presence of unusually large vWF multimers. The addition of fibronectin to sickle red cells suspended in SFM at 300 ,g/ml also resulted in only small increases in adhesion (Table II) The levels of fibronectin and vWF factor in normal pooled platelet-poor plasma are 300 ,ug/ml and 100 U/dl, respectively. The plasma fibronectin level remains relatively constant with time in both normal and sickle patients (34) . This is not the case with vWF antigen levels, which often increase in times of crises (35) , suggesting that endothelial cell stimulation or damage occurs during these clinical events.
In two preliminary experiments, addition of6.81 X 1O-8 M of the tetrapeptide Arg-Gly-Asp-Ser to sickle red cells suspended in EC supernatant (a molar concentration 100 times that of plasma fibronectin) decreased by 99% the binding of [39] ) may result in the concurrent binding of unusually large vWF multimers to sickle RBC and endothelial cells. The bonds formed may be strong enough to withstand the fluid shear forces in the microcirculation, or at least those forces in the postcapillary venules simulated in our experiments. Vaso-occlusion may then occur, with adherent sickle red cells combining locally with the most dense, irreversibly sickled RBC to occlude portions of the microvascular circulation in a cycle of lengthened transit times, deoxygenation, HbS polymerization, unusually large vWF-mediated sickle RBC attachment to the endothelium, and vascular obstruction.
